The Large Area Telescope (LAT) on the Fermi Gamma-ray Space Telescope is a pair-conversion telescope designed to detect photons with energies from ≈20 MeV to >300 GeV. The pre-launch response functions of the LAT were determined through extensive Monte Carlo simulations and beam tests. The point-spread function (PSF) characterizing the angular distribution of reconstructed photons as a function of energy and geometry in the detector is determined here from two years of on-orbit data by examining the distributions of γ rays from pulsars and active galactic nuclei (AGN). Above 3 GeV, the PSF is found to be broader than the pre-launch PSF. We checked for dependence of the PSF on the class of γ-ray source and observation epoch and found none. We also investigated several possible spatial models for pair-halo emission around BL Lac AGN. We found no evidence for a component with spatial extension larger than the PSF and set upper limits on the amplitude of halo emission in stacked images of low and high redshift BL Lac AGN and the TeV blazars 1ES0229+200 and 1ES0347−121.
Introduction
The Large Area Telescope (LAT) is the primary instrument on board the Fermi Gammaray Space Telescope, launched in 2008, and is sensitive to γ rays from ≈ 20 MeV to > 300 GeV (Atwood et al. 2009 ). The LAT consists of a 4 × 4 array of modules called towers, each with tracker and calorimeter sections, surrounded by a segmented anticoincidence detector to veto charged particles. The tracker sections have 18 layers of alternating x-y pairs of silicon strip detectors.
Each of the first 16 layers of the tracker has a layer of tungsten foil to induce γ rays to pair convert.
Pair conversion in tungsten layers in the LAT tracker creates secondary e + -e − pairs that deposit ionization energy in the silicon tracker layers. The direction of the original γ ray is reconstructed from the tracks of the secondaries, and the energy of the γ ray is determined from the energy deposition in the calorimeter and the estimated energy losses in the tracker. See Atwood et al. (2007) for further details of the tracker system.
At energies below ≈ 10 GeV, the accuracy of the directional reconstruction is limited by multiple scattering, whereas above ≈ 10 GeV, the accuracy is limited by the lever arm of the direction measurement and the 228-µm silicon-strip pitch. By design, the tracker has significantly different angular resolution depending on whether the incident γ ray converts in the front or the back tungsten layers. The twelve front conversion planes have thinner tungsten layers (3% of a radiation length) and longer track lengths for the converted pairs, yielding good angular resolution but smaller conversion efficiency. The four back conversion planes have thicker layers of tungsten (18% of a radiation length) to increase the effective area and field of view at high energies, but provide poorer angular resolution due to the increased multiple scattering and shorter track lengths.
The point-spread function (PSF) of the LAT is the probability distribution function (PDF) p(δv; E,v), for δv = |v −v ′ |, the offset between the true(v) and reconstructed(v ′ ) directions of the γ ray of true energy E. The characteristic angular size of the PSF scales with energy as the sum of the angular uncertainties due to the instrument-pitch and multiple scattering, added in quadrature.
We parameterize this energy dependence with the scaling function,
where c 0 is the normalization of the multiple scattering term, c 1 is instrument-pitch uncertainty, and β sets the scaling of the multiple scattering with energy. The 68% containment radius for frontconverting events can be approximated with Equation 1 and c 0 = 3.5 • , c 1 = 0.15 • , and β ≈ 0.8 (Atwood et al. 2009 ). The angular resolution for a γ ray converting in the back layers is typically about a factor of two larger than for the front layers.
Accurate characterization of the LAT PSF is critical for proper source analysis. It has assumed additional importance because of the potential for inferring the magnitude of the intergalactic magnetic field B IGM F from the measurement of γ-ray halos around TeV blazars, a subset of active galactic nuclei (AGN), e.g., Elyiv et al. (2009) . In intergalactic space, B IGM F could be a remnant of exotic processes taking place in the early universe, far earlier than the decoupling epoch ). TeV γ rays annihilating due to γ-γ interactions with the extragalactic background light (EBL) create relativistic electrons and positrons that Compton-scatter photons of the cosmic microwave background (CMB) to GeV energies. Depending on the magnitude and correlation length of B IGM F , a halo of secondary GeV photons with a characteristic spectrum (D'Avezac et al. 2007; Neronov & Vovk 2010 ) and angular extent (Elyiv et al. 2009 ) will surround a TeV source.
The MAGIC collaboration examined several potential angular profiles of emission for the blazars Mrk 421 and 501 at energies between 0.3 -3.0 TeV and found no significant extension compared to their PSF width of 0.1 • . The upper limit on the flux of extended emission from Mrk 501 may constrain magnetic field strengths in the range 4 × 10 −15 − 1.3 × 10 −14 G if the IGMF coherence length scale is 1 Mpc (Aleksić et al. 2010) . Ando & Kusenko (2010) have recently claimed that halos around bright AGN in LAT data give direct evidence for B IGM F ≈ 10 −15 G.
A subsequent analysis by Neronov et al. (2011) of the LAT data found no significant pair-halo component of AGN when compared with the profile of the Crab pulsar and nebula. A detailed investigation of the Fermi-LAT PSF is performed in this paper using the Vela and Geminga pulsars and AGN.
The functional representation used to characterize the PSF is described in Section 2. In Section 3, the on-orbit PSF derived from an analysis of AGN is compared with the PSF inferred from simulations and cross-checked against an analysis of pulsars. We also consider possible contributions from systematic effects for the measured differences between the pre-launch and the on-orbit PSF.
In Section 4, we present an analysis that quantifies the limits on halo emission around AGN.
Discussion and summary are given in Section 5.
Instrument Response and the Point-Spread Function
To parameterize the instrument response of the LAT, we performed Monte Carlo (MC) simulations of large samples of γ rays and charged particles, and analyzed these data with our event reconstruction and classification algorithms (Atwood et al. 2009 ). The physical interaction of particles with the LAT is modeled by an implementation of the Gaudi 1 framework and the Geant4 toolkit (Geant4 Collaboration et al. 2003) , Gleam (Boinee et al. 2003) . We generate a high-statistics, uniform γ-ray dataset using Gleam, and we apply to the events a simulation of the LAT trigger and on-board filter. Accepted events are reconstructed and undergo the same event analysis scheme as real events, the details of which may be found in Ackermann et al. (2012) . The simulated particles that survive triggering and filtering are then passed through the event reconstruction and classification. The resulting MC sample was used to determine the pre-launch effective area, energy dispersion, and PSF as a function of energy and inclination angle, or the angle from the boresight (Atwood et al. 2009) . A calibration unit consisting of two tracker modules and three calorimeter modules was tested with charged-particle and photon beams to validate the MC simulation (Atwood et al. 2007 ).
We assume azimuthal symmetry of the PSF with respect to the γ-ray direction such that the 1 Gaudi: Gaudi Project http://proj-gaudi.web.cern.ch/proj-gaudi/ PSF can be described by a PDF with a single parameter δv = |v ′ −v|, the angular devation between the reconstructed and true γ-ray direction. Furthermore, we assume that the PSF does not depend on the azimuth angle of the incoming γ ray but only on the inclination angle with respect to the LAT boresight, θ. Thus the PSF can be written as P (δv; E, θ). Since the angular size of the PSF varies by 2 orders of magnitude over the LAT energy range, we use Equation 1 to scale out most of the energy dependence of the PSF by expressing it as a PDF in the scaled angular deviation,
We parameterize the PSF in terms of the King function (cf. King 1962) , which was chosen to follow the power-law behavior of the PSF at large angular offsets. The King function has the form
and K is normalized in the small-angle approximation dΩ = xdxdφ, so that
The parameter σ is the characteristic size of the angular distribution and γ determines the weight of the tails of the distribution. The King function becomes the normal distribution in the limit γ → ∞, where 1.51σ ≈ 68% containment. A best-fit single King function fit is not enough to properly reproduce the observed distributions of simulated γ rays (see Figure 1 ), so we opted for a more complex model using the sum of two King functions
where the core and tail components characterize the distributions for small and large angular separations, respectively. As can be seen from Figure 1 , this functional form provides a good fit to the simulated angular distributions of event counts around the γ-ray direction. The parameters γ core and γ tail determine the structure of the PSF tail and are found from simulations to decrease at high energy, yielding larger tail fractions above ≈ 10 GeV. For the analysis described in Section 3, we also use, as an alternative to the King function, a model independent form of the PSF parameterized by the angles corresponding to the 68 and 95% integral fractions of the distribution, or the 68 and 95% containment radii.
The LAT Science Tools distribution has for each event class a set of tables that contain the PSF parameters for each conversion type (front or back) as a function of energy and inclination angle 2 . By scaling out the energy dependence of the angular size σ, the tables isolate the energy dependence of the PSF tails and the weak dependence on the inclination angle. The parameters are tabulated for logarithmic energy intervals ranging from 18 MeV to 562 GeV with 4 bins per decade, and in the cosine of the inclination angle between 0.2 and 1.0 in increments of 0.1. The tables contain all of the parameters described in Equation 5 and the scaling function for the energy dependence of the σ parameters, which has the form given by Equation 1.
The PSF parameters determined from MC simulations for the pre-launch event analysis (Pass6)
were the first publicly released set (e.g., Rando 2009), denoted as Pass6 version 3 (P6 V3). A range of event classifications for LAT data is available, to meet different scientific requirements. The
Diffuse event class selection has the highest quality requirements on track reconstruction and low charged-particle background and is most suitable for analyzing weak point sources. For these reasons, we derive the PSF for the Diffuse event class only.
Since the release of the Pass6, a newer version of the event analysis, Pass7, has been publicly released that integrates all of the known on-orbit effects into the instrument response. The PSFs associated with each of the Pass7 event classes suitable for source analysis were derived using the methodology outlined in Section 3, identical to the on-orbit PSF analysis of Pass6 Diffuse event class data. The PSFs of these event classes are described and validated in Ackermann et al. (2012) .
On-orbit PSF
The primary motivation for determining the PSF from LAT data was to verify that the reconstruction of γ rays was consistent with the simulations described in Section 2. When performing analyses of point sources using months of accumulated statistics, we noticed discrepancies between the PSF derived from MC simulations and the angular distributions of measured directions of γ rays around bright point sources, with the observed distributions systematically broader for energies above a few GeV. Over time, sufficient γ-ray statistics accumulated for an accurate characterization of the on-orbit PSF at high energies. The leading considerations in the development of the on-orbit PSF for Pass6 data (P6 V11) were twofold: 1) reproducing the angular profiles of point sources in the LAT data, thereby limiting the biases and systematic uncertainties in measurements of spatial extensions and spectra of sources, and 2) smoothing the energy dependence of the PSF parameterization to avoid introducing spurious features from statistical fluctuations that could affect the quality of source analysis.
In this section we describe the stacking analysis used to determine the on-orbit PSF and the validation of the methodology using a simulation. We then verify the on-orbit PSF derived from this analysis using pulsars and AGN. Finally, we evaluate sources of systematic uncertainties in the calibration of the instrument that may influence the PSF.
PSF Derived from Stacked AGN
To calibrate the PSF, we adopted a technique of stacking sources, where the angular offsets of γ rays from their presumed sources are analyzed as if they came from a single source. Pulsars would be ideal for calibrating the PSF. However, the γ rays from pulsars above 10 GeV are limited, so we restrict our analysis to AGN. A subset of 65 AGN was selected from the Fermi Large Area Telescope First Source Catalog, (henceforth 1FGL, Abdo et al. 2010a) to create a calibration sample. All the AGN in the sample have flux between 1−100 GeV of at least 1.66 × 10 −9 photons cm −2 s −1 and a TS 3 of at least 81 above 1 GeV; a list of the sources and their properties is given in • around each source. The lower energy limit was chosen to limit contamination in the ROIs from nearby point sources, since for the average source separation ≈ 7.0 • for our sources above a Galactic latitude |b| > 10 • , the 99% containment radii begin to overlap at about this energy.
We also excluded events with zenith angle greater than 105 • in order to limit the contamination from the Earth limb. We excluded inclination angle in the detector greater than 66.4 • to remove γ rays for which the PSF is significantly broader and the acceptance is small ( 0.2% of the total acceptance). The data were split into their respective conversion types, front and back, and into four energy bins per logarithmic decade between 1 and 32 GeV and a single bin from 32 to 100
GeV. Due to the limited statistics in the energy bins above 10 GeV, the events were not binned in inclination angle. The model we derive from this analysis is representative of the PSF over exposures longer than the 53.4 day orbital precession period of the spacecraft. The PSF for a given source and observation period depends on the source observing profile, the accumulated exposure of the source as a function of its inclination angle in the LAT. Over long exposures the observing profile converges to an approximately constant shape and the use of an average PSF model is well justified. On shorter time scales, the shape of the observing profile can differ significantly and potentially introduce significant variations in the PSF relative to the one derived in this analysis.
We chose to model the angular distribution of γ rays around our sample of AGN for a given energy bin as the sum of a single King function and an isotropic background from diffuse γ-ray emission and residual cosmic rays. The single King function parameterization was chosen over the double-King function used to model the MC PSF in order to stabilize the convergence of the PSF parameters when fitting to the lower statistics of the stacked AGN sample. The log-likelihood log L for the model of the stacked counts distribution for each energy bin given the observations is defined
where K is the normalized King function from Equation 3 as a function of angular separation x j , I
is the isotropic normalization factor, and j is summed over the number of γ rays N . The localization uncertainty in the 1FGL positions was orders of magnitude smaller than the PSF, so we used the measured positions as the reference directions to determine the γ-ray angular separations.
While the King function parameter σ of the PSF has the same scaling with energy as the characteristic angular size of Equation 1, the tail parameter γ has a more complicated energy dependence. Because small changes in γ can induce large changes in the shape of the PSF, we chose to reparameterize the King function in terms of the 68% and 95% containment radii, R 68 and R 95 . For a single King function (see Equation 3) any two containment radii uniquely determine the parameters σ and γ. While σ and γ cannot be expressed analytically in terms of the two containment radii, they can nonetheless be determined numerically and we denote them as σ(R 68 , R 95 ) and γ(R 68 , R 95 ). We model the energy-dependence of the 68% and 95% containment radii with two independent scaling functions, R 68 (E) and R 95 (E), with the form given by Equation 1 and each with three independent parameters: c = {c 0 , c 1 } and β.
We used a maximum likelihood analysis to determine the best fit parameters for R 68 (E) and R 95 (E) by maximizing the sum of the log-likelihoods from Equation 6 over all the energy bands.
The joint log-likelihood log L is defined as log L(c 68 , β 68 ,c 95 ,
where log L is the log-likelihood from Equation 6, x i is the set of angular separations in energy bin
i, E i is the bin energy, and the parameter dependence of R 68 (E) and R 95 (E) is implied. Given the best fit scaling functions, we extract the King function parameters for the on-orbit PSF tables by evaluating σ(R 68 (E), R 95 (E)) and γ(R 68 (E), R 95 (E)) at the geometric mean energy of each bin. This procedure creates a set of PSF parameters that are smoothly varying with energy. The resulting parameterization is an extrapolation of the PSF outside the energy range of the analysis: below 1 GeV and above 100 GeV. Figure 2 compares the MC (P6 V3) and on-orbit (P6 V11) PSFs.
To examine the potential bias of determining the PSF from on-orbit data, specifically the extrapolation of the PSF beyond the 1-100 GeV range, we generated and analyzed a detailed simulation of the sky. We simulated all sources from the Fermi Large Area Telescope Second Source Catalog (2FGL; Nolan et al. 2012) , along with the Galactic and isotropic diffuse models, using the Science Tool gtobssim with the P6 V3 Diffuse PSF. The simulation covered the same time span as the on-orbit data selection and used the same cuts on inclination angle, energy, and zenith angle. We chose to use the 2FGL catalog for the simulation to account for the presence of sources not in the 1FGL that could introduce structured background and create a systematic uncertainty in the PSF determination. We analyzed the simulation with the same set of 65 AGN from the onorbit PSF analysis and determined the simulation PSF in the same manner as the on-orbit data, using Equation 7. The 68% and 95% containment radii determined by the PSF analysis of the simulated data are compared with those derived numerically from the P6 V3 PSF in Figure 3 . The P6 V3 containment radii were derived by averaging the PSF model over inclination angle weighted by the effective area. We find good agreement between the 68% and 95% containment radii of the P6 V3 PSF and the containment radii derived from the sky simulation. Additionally, we find the containment radii extrapolated below 1 GeV and above 100 GeV are in good agreement with the measured values at these energies. This finding is consistent with the expectation from Equation 1 that the containment should follow the E −β scaling from muliple scattering below 1 GeV and take a constant value above 100 GeV.
We determined that there were no large systematic uncertainties from the determination of the PSF by the stacking technique. However, we sought to verify the on-orbit PSF using a different technique and class of point sources. The Vela and Geminga pulsars are the brightest persistent γ-ray point sources in the 100 MeV−10 GeV energy range and are alternate calibration sources for the PSF. In the next section, we use these pulsars to cross-check against the PSF inferred from AGN, including the extrapolation below 1 GeV.
On-orbit PSF Verification
We verified the Monte Carlo (P6 V3) and on-orbit (P6 V11) PSF models for the Diffuse event class with the angular distributions of γ rays from the pulsars Geminga (PSR J0633+1746) and Vela (PSR J0835−4510). The γ-ray sample was divided into four logarithmic bins per decade in energy and also separated into front and back conversion types. For each energy bin and conversion type, on-and off-pulse angular distributions were created from the pulsar data sample by selecting events with pulse-phase ranges given in Table 1 . Pulse phases for the Vela pulsar were determined by using radio ephemerides derived from timing with the Parkes telescope (Weltevrede et al. 2010) and the pulse phases for the Geminga pulsar were determined from Fermi data (Abdo et al. 2010c ).
The pulse phases were applied to LAT data with the TEMPO2 application (Hobbs et al. 2006) 4 .
Light curves for Vela and Geminga can be seen in Figure 4 . The background in the on-pulse distributions was estimated by scaling the off-pulse distributions by the ratio of the widths of the on-and off-pulse phase intervals. The angular distribution of γ rays from a point source was then inferred as the differences by angular bin of the on-and scaled off-pulse counts distributions. This technique should provide a perfect subtraction of any unpulsed sources of γ-ray emission such as would be associated with a pulsar wind nebula (PWN) or the Galactic diffuse emission. The Vela-X PWN, a spatially extended source that is offset from the Vela Pulsar by ∼ 1 • , is approximately 500 times fainter than the Vela pulsar at 1 GeV (Abdo et al. 2010b) . No evidence for a PWN has been found associated with the Geminga pulsar (Ackermann et al. 2011 ).
Above 10 GeV where the statistics in the pulsar data set are limited, a comparison was made with the same high-latitude AGN sample that was used to derive the on-orbit PSF model. For the stacked AGN sample, the background was estimated by assuming an isotropic intensity determined by the events in the annulus of angular radius range 1.5−3.0 deg centered on the stacked 1FGL
coordinates of the blazars. The 68% and 95% containment radii for the events in each energy bin were measured from the cumulative distribution of the excess. The statistical errors on the containment radii derived from both pulsars and stacked AGN were estimated from the dispersions of containment radii determined from a large sample of Monte Carlo realizations for the signal and background distributions. Tables 2 and 3 give the 68% containment radii for front and back events estimated from Geminga and Vela below 31.6 GeV and the AGN calibration data set above 3.16 GeV. For comparison the exposure-and spectrally-weighted PSF model prediction for the P6 V3 and P6 V11
PSFs are shown for a source with the observing profile of Vela and a power-law energy distribution (dN/dE ∝ E −Γ ) with a photon index of Γ = 2. Although the effective PSF depends on the observing profile, for observations that span a time period many times greater than the orbital precession period of the LAT (53.4 days), which is the case for this analysis, the effective PSF model has only a weak dependence on the source location on the sky and is primarily a function of declination. In Table 1 . On-and off-pulse phase selection for Vela and Geminga pulsars. the energy range 100 MeV -100 GeV, the largest difference between the 68% containment radii calculated from the P6 V3 PSF using the observing profiles of Vela and the stacked AGN sample is 2%, and we therefore assume that the differences in the observing profiles of the calibration data sets can be ignored for the purposes of these comparisons. We find that the AGN and pulsar data sets analyzed here give consistent estimates of the PSF size as a function of energy. The agreement between the containment radii inferred from Geminga and Vela validates the approach of using the off-pulse events to define the background.
Figures 5 and 6 compare the PSF containment radii inferred from Vela and the AGN calibration data sets as a function of energy with the containment radii given by the P6 V3 and P6 V11
PSFs for front and back events, respectively. The residuals of both PSFs in the 68% containment radius are less than 10% below 3 GeV for both event classes. Above 3 GeV the MC PSF model (P6 V3) begins to significantly underpredict the size of the 68% containment radius of both front and back events. The on-orbit PSF model (P6 V11) provides an improved representation of the 68% containment radius at high energies with residuals less than 20% but overpredicts the 95% containment radius for back events. We attribute the P6 V11 back residual to using the single King function parameterization, which can overestimate the 95% containment radius of the PSF (see for example Figure 1 ).
Systematic Uncertainties in Modeling the LAT PSF
Although the reason for the discrepancy between the on-orbit (P6 V11) and MC (P6 V3) PSFs at high energies is not fully understood, we argue that it is not due to intrinsic broadening of the γ-ray distributions around the AGN sample that was used for calibration. Above 3 GeV the discrepancy in the 68% containment is 0.1 − 0.2 • for back events but < 0.1 • for front events (see Tables 2 and 3 ). Given that the front PSF is approximately two times narrower than the back PSF, this discrepancy cannot be self-consistently modeled as an intrinsic spatial extension convolved with the LAT PSF. Furthermore, in the intermediate energy range where the PSF can be independently measured using both pulsars and AGNs, the PSF containments inferred from pulsars are found to be consistent with those inferred from AGNs (see Tables 2 and 3 ). We therefore conclude that the the majority of the PSF discrepancy can be attributed to systematic uncertainty in modeling the LAT.
We considered the residuals in the boresight alignment as a potential source of systematic uncertainty. The boresight alignment of the LAT is the orientation of its coordinate system with respect to the spacecraft coordinate system. The spacecraft determines its orientation with a pair of star trackers with an accuracy of a few arcseconds. The boresight alignment of the LAT is determined from analysis of bright point sources accumulated over several months (Abdo et al. 2009 ). We determined the boresight alignment early on in the mission, and the magnitude was measured to be 0.15 • and has been monitored on weekly and monthly bases for the entire time range of the data considered here. The fluctuations are less than 0.005 • in a month. Therefore we rule out variations in the boresight alignment as contributing to the broadening of the on-orbit PSF relative to the MC PSF.
In the LAT event reconstruction software (Atwood et al. 2009 ), positional and directional information from the Calorimeter (CAL) detector system is used to seed the pattern recognition analysis that is applied to track candidates recorded by the Tracker (TKR) detector system. Furthermore, the vector from the centroid of the energy deposition in the CAL to the estimated γ-ray conversion point is considered as an additional constraint on the direction of the incoming γ ray above ∼ 1 GeV. The calculation of position information from the CAL relies on accurate maps of the scintillation response of the CAL crystals (Atwood et al. 2009; Grove & Johnson 2010) . The response maps used to produce the Pass6 data release were derived prior to launch using cosmic ray muons.
We identified the crystal response maps as a possible source of the discrepancy between the observed and simulated PSF at high energies, either because of a time dependence in the crystal response or because of an inaccuracy of the maps in representing the actual spatial dependence of the crystal response. To evaluate whether the PSF discrepancy was changing with time, we determined the 68% and 95% containment radii for each of the energy bins in Section 3.1 in six 5-month intervals. We detected no significant changes in the containment radii in the energy range 1−32 GeV for either conversion type. Over the same time interval, however, on-orbit radiation damage to the scintillating crystals caused a typical decrease in scintillation light attenuation length of about 3%, which corresponds to an average position bias of 3 mm near the ends of crystals and up to 10 mm bias in the most sensitive crystals. Because the PSF did not show a detectable change with time, we conclude that time dependence in the crystal response is not the dominant source of the PSF discrepancy.
To test whether inaccuracy in the response maps could be the cause, we reanalyzed the sea-level and on-orbit cosmic ray calibration data to derive maps that more closely describe the response near the end of each crystal. Using the revised response maps, we repeated the event reconstruction for a test data set consisting of events from five AGN from the calibration sample at high latitude toward directions with low intensities of Galactic diffuse emission. For γ rays with energy greater than 5 GeV, we found that the mean angular separation from the source position in this event sample drops from 0.133 • ± 0.004 • to 0.114 • ± 0.004 • . By using the improved calibration, we recovered ∼ 70% of the resolution loss relative to the Monte Carlo expectation. We conclude, therefore, that inaccuracy in the crystal response maps used for the Pass6 event reconstruction indeed is the source of much of the PSF discrepancy. More detailed analysis and diagnosis is in progress.
Pair-Halo Analysis
As discussed in Section 1, the IGMF broadens the angular extent of γ-ray emission from AGN into pair halos through the deflection of electromagnetic cascades. In contrast, the pulsed γ-ray emission from any pulsar appears as a true point source to the LAT and the pulsar emission can be effectively separated from the background of any surrounding nebula and of the diffuse interstellar and extragalactic emission through the phase-based background subtraction technique described in section 3.2. In the following sections, we place limits on the angular extension of AGN emission relative to pulsar emission and present an analysis that evaluates the significance of two extended angular profiles for BL Lac blazar populations and TeV sources, using pulsars as calibration sources.
Maximum Likelihood Analysis in Angular Bins
To test for the presence of pair halos around AGN, we use a joint likelihood for the angular distributions of γ rays around AGN and pulsars. The events are binned into three logarithmic energy intervals from 1−31.6 GeV. Additionally, the sample is binned in angular offset from their presumed source such that there are an equal number of counts in each of twelve angular bins for the on-pulse counts from the Vela pulsar. Since the Vela pulsar emission is an order of magnitude brighter than the background intensity in the on-pulse phase, this choice of binning ensures that the integrated efficiency in each bin and thus the point-source statistics are roughly the same for all sources in each angular bin. The front converting events have lower rates of residual cosmic rays and better angular resolution than the back events, and therefore we limit the analysis to these events.
We used a non-parametric representation of the PSF given by the fraction of events (m i ) in each of the 12 angular bins, providing a more direct comparison between the pulsar and AGN angular distributions by removing any dependence of the analysis on the choice of PSF parameterization.
The model for the angular distribution of events for the on-pulse pulsar emission, ν on i , is expressed as
where N psr is the number of events attributed to the pulsar in the on-pulse phase, ν of f i is the model for the number of off-pulse events in angular bin i, m i is the PSF weight in angular bin i, and α is the ratio of the width of the on and off-pulse phase selections. We chose Vela and Geminga as calibration sources for this analysis, as these pulsars have have the largest number of source γ rays above 100 MeV and weak or undetected associated nebular emission. The on-and off-pulse data samples were defined using the phase ranges from Table 1 and the angular bin ranges, counts, and models are shown in Tables 5 − 7.
The model of the angular distribution of γ rays from AGN is the sum of three components:
point-source emission, a uniform background, and extended (halo) emission. It is given by
where N agn is the total number of events attributed to the AGN, N iso and b i are the total number and fraction of events in angular bin i for the isotropic model. N halo and h * i (θ 0 ) are the total number and fraction of events in angular bin i for the halo model, h i , convolved with the PSF. The isotropic fractions, b i , were calculated from the fraction of solid angle in the ROI contained in angular bin i. For the halo models tested in this work, h i has a single parameter, θ 0 , corresponding to a characteristic halo size. We convolved the halo model with a single King function that was fit to the PSF weights in the null halo case.
Given the observations n on , n of f , and n agn corresponding to the on-and off-pulse pulsar and AGN counts in each of the 12 angular bins, the joint likelihood for the stacked pulsars and AGN is
where
is the log-likelihood for observing n events given a model amplitude ν. The maximum likelihood estimators of the model parameters were evaluated by maximizing the joint likelihood with respect to all model parameters given the data.
Various models for the angular profile of halo emission induced by the IGMF have been considered (Elyiv et al. 2009; Ando & Kusenko 2010; Aleksić et al. 2010 ). Here we consider both Gaussian and Disk models; these can be expressed as
and
where both equations are normalized with the small-angle approximation, dΩ = 2πθdθ. The Disk and Gaussian models were chosen to bracket the shape of the model tested by Ando & Kusenko (2010) , with the Disk and Gaussian respresenting the limiting cases of a sharply peaked and broad distribution, respectively. A test statistic T S for the halo models as a function of θ 0 was constructed by evaluating the difference between the maximum likelihood of the halo model (L(N halo , θ 0 )) and the maximum likelihood of the null-hypothesis (L(0, θ 0 )),
where all parameters besides θ 0 are left free. Given the constraint that N halo > 0 and the null case is on the boundary of the parameter space (i.e. N halo = 0), the significance of the pair halo component with characteristic extension θ 0 is S = √ T Sσ, provided that the number of events associated with the pulsars and AGN, N psr and N agn , is larger than ∼ 20 (Mattox et al. 1996; Protassov et al. 2002) .
Limits on the pair-halo emission of 1FGL BL Lac Sources
In the Fermi LAT First AGN Catalog catalog (henceforth 1LAC, Abdo et al. 2010d ), 115 of the BL Lac-type AGN have measured redshifts. The sources were split into low and high redshift groups defined by z < 0.5 and z > 0.5, respectively, to test for a redshift-dependent size difference, e.g., Ando & Kusenko (2010) . The number of low-and high-redshift sources is 94 and 21, respectively.
For the AGN, we used our 2-year sample of P6 V3 Diffuse-class events, while the data for Vela and Geminga pulsars were further constrained by the time ranges of the available timing solutions, leaving 1.5 years of data for Vela and 1.4 for Geminga.
As in Section 3, for the AGN we included events in the energy range above 1 GeV to limit the contamination from nearby bright sources. The γ-ray data sets for the two redshift ranges were 
Limits on the pair-halo emission of TeV BL Lacs
The TeV BL Lac-type AGN 1ES0229+200 (z = 0.140) and 1ES0347−121 (z = 0.188) are predicted to have detectable emission in the LAT energy range due to the suppression of the primary TeV γ rays from these sources by the EBL (Woo et al. 2005; Neronov & Vovk 2010; Tavecchio et al. 2010; Dermer et al. 2011 ). The multi-TeV primary photons are converted into leptons that scatter CMB photons to GeV energies, unless the IGMF is sufficiently strong to deflect enough secondary pairs away from our line of sight (Neronov & Vovk 2010) . The blazar 1ES0229+200 provides the strongest constraint on the IGMF due to its significant TeV emission which extends to ∼ 10
TeV. The inferred primary spectra from synchrotron self-Compton emission are at or below the LAT sensitivity for an observation of two years, leaving the secondary processes as the primary detectable γ rays from these sources (Aharonian et al. 2007a; Dermer et al. 2011) . A detection of 1ES0229+200 in Fermi-LAT data was recently reported in Vovk et al. (2012) using 39 months of data. In the two year data set used for this analysis which includes only front-converting events, we find no evidence for significant point-like emission from this source. We fit 1ES0229+200 and 1ES0347−121 with the PSF-convolved Disk and Gaussian models with θ 0 = 0.1 • , 0.5 • , and 1.0 • in four logarithmic energy bins between 1 and 100 GeV. In the 32-100 GeV energy bin the number of γ rays from pulsars is insufficient to provide a template for the PSF, and we therefore used lowredshift BL Lacs to define the PSF template in this energy range. The AGN angular bin ranges, counts, and model amplitudes are shown in Table 8 . Because 1ES0229+200 and 1ES0347−121 were not detected as a point source in the LAT energy band, we tested only for the significance of the halo component by setting N agn = 0 in Equation 10.
There were no detections for T S > 4 (S > 2) in any energy band for either source, so we calculated the 95% upper limits on N halo for each source in each energy band. We converted the 95% upper limits into flux measurements by calculating the two-year exposure for each source, giving the results plotted in Figures 9 and 10 with H.E.S.S. and VERITAS measurements (Aharonian et al. 2007b; Perkins & VERITAS Collaboration 2010; Aharonian et al. 2007a) . We find good agreement between our upper limits and those derived by Neronov & Vovk (2010) , Tavecchio et al. (2010), and Dermer et al. (2011) .
Discussion and Summary
As noted in the Section 1, TeV photons emitted by blazars can generate a secondary cascade when they pair produce on photons of the EBL and create electron-positron pairs. These pairs subsequently upscatter CMB photons through the inverse Compton process generating a secondary component of gamma-ray emission at GeV energies. By deflecting the trajectories of off-axis pairs into our line of sight, the IGMF can create a halo of cascade radiation around the blazar. The angular profile of this halo changes with the strength of the IGMF and would appear point-like within the angular resolution limit of the Fermi-LAT if the magnetic field strength is small ( 10 −18 G). In the limit of large magnetic field strength, the cascade radiation has a maximum angular size determined by the surface subtended by the jet at a distance τ ≃ 1 from the source where τ is the pair-production optical depth of the primary VHE gamma-rays Tavecchio et al. 2010 ). However, several other processes are known that could form extended emission around blazars such as synchrotron radiation from leptonic secondaries of ultra-high energy cosmic ray (UHECR) protons undergoing photopion processes in ≫ 10 −12 G fields (Gabici & Aharonian 2007) Claims for the existence of halos around 170 stacked hard-spectrum AGN in the 1LAC were made by Ando & Kusenko (2010) using the P6 V3 Diffuse PSF and a halo component, dN/dΩ(θ) ∝ exp −θ 4 . This angular model is broader than the Disk model, but narrower than the Gaussian model, making it a reasonable comparison to our procedure. We attribute the detection of apparent extended emission of AGN by Ando and Kusenko to the difference between the P6 V3 PSFs and the actual PSF as inferred here from flight data. Our results are consistent with Neronov et al. (2011) who found no evidence in the Fermi-LAT data for extended halo emission. Ando & Kusenko (2010) further claimed a detection of a halo component in the 3-10 GeV energy range using a low-redshift AGN subsample and the Crab nebula as a PSF calibration source. In the same energy range our analysis, which used Vela and Geminga as calibration sources, set an 95% C. L. upper limits of 0.05 and 0.11 on the fraction of halo emission in a sample of low-redshift AGN for a Disk and Gaussian halo models, respectively (see Table 9 ). Furthermore no significant detections of a halo component were found for the range of halo sizes and shapes tested.
In conclusion, we have derived the PSF through on-orbit data (P6 V11), revealing that the MC PSF (P6 V3) significantly underestimates the 68% containment radius of the PSF at GeV energies.
The discrepancies are larger for back-than front-converting events with the underestimate of the 68% containment radius at 5-10 GeV reaching 25% and 50% for the two event classes, respectively.
The P6 V11 PSF provides a better representation of the 68% containment radius at high energies.
However, due to the limitations of the single-King-function parameterization that we used for P6 V11, the P6 V3 PSF more accurately describes the 95% containment radius up to ∼7 GeV. The Parkes radio telescope is part of the Australia Telescope which is funded by the Commonwealth Government for operation as a National Facility managed by CSIRO. We thank our colleagues for their assistance with the radio timing observations. [c] a Photon flux between 1 and 100 GeV in units of 10 −9 photons cm −2 s −1 obtained by summing the 1FGL photon flux values in the three bands from 1 to 100 GeV.
b Sum of the 1FGL T S values in the three bands between 1 and 100 GeV.
c Redshifts for sources in 1LAC are taken from Abdo et al. (2010d) . Redshifts for sources not in 1LAC are taken from the NASA Extragalactic Database (NED). Table 5 . Statistics for the Vela and Geminga pulsars and the low and high redshift BL Lacs in the energy range 1000 − 3162 MeV for the analysis in Section 4.2. The models for the on-pulse selection ν on i are displayed next to the number of counts n on i in each angular bin. The BL Lac model counts ν , is displayed next to the number of counts, n, in each angular bin. N agn m i is displayed to highlight the equal statistics of the BL Lacs in each angular bin. 
